INTRODUCTION
============

Obesity is a major global burden, at a worldwide cost of approximately \$147 billion annually \[[@B1]\]. The World Health Organization (WHO) has reported that obesity has been growing at an alarming rate, accounting for approximately 35% of the population \[[@B2]\]. This proportion has consistently increased over the last decade. The Korean National Health and Nutrition Examination Survey (KNHANES) reported that the prevalence of obesity in Korea (defined as a body mass index \[BM\])≥25 kg/m^2^ according to WHO Asia Pacific guidelines) in men and women was 35.1% and 27.1%, respectively, in 2011 \[[@B3]\].

Obesity is complex chronic disorder with a multifactorial etiology, involving genetics, hormones, diets, and environments. In particular, the major factor contributing to obesity in Korea could be rapid changes in diet (a dramatic increase in the consumption of animal foods has occurred over a short period of time in Korea, 7.7 g%, in 1970 vs. 20.3 g%, in 2010) \[[@B4]\]. This phenomenon accompanied by the substantial economic growth and the concurrent adoption to a westernized lifestyle.

Adipose tissue, the main feature of obesity, was considered as an inert tissue mainly devoted to energy storage; however, it is now recognized as an active tissue in the regulation of physiological and pathological processes, including immunity and inflammation. Adipose tissue produces and releases a variety of adipokines and cytokines (anti- or pro-inflammatory cytokines), including the leptin, adiponectin, resistin, and visfatin, as well as interleukin \[IL\]-4, interferon \[IFN\]-γ, tumor necrosis factor \[TNF\]-α, IL-6, and others \[[@B5],[@B6]\]. Pro-inflammatory molecules produced by adipose tissue have been implicated as active participants in the development of metabolic disease such as type 2 diabetes mellitus and cardiovascular disease (CVD) \[[@B7]\].

Previous studies have reviewed \[[@B8]-[@B10]\] the role of diet (e.g., calorie-restricted, vegetable and fruit rich, Mediterranean) and dietary factors (e.g., fatty acids, antioxidant nutrients) on inflammatory state and its relationship to obesity. Three major aspects of previous findings will be reviewed in this article. First, we consider adipose tissue as a major source of bioactive substances related to obesity and inflammation. Second, we examine obesity as a condition of chronic low-grade inflammation. Finally, we consider dietary factors that affect inflammation related to obesity.

ADIPOSE TISSUE AS A SOURCE OF BIOACTIVE SUBSTANCES
==================================================

Over the last decades, adipose tissue has been identified as a metabolically dynamic endocrine organ and an important source of several hormones, cytokines, chemokines, growth factors, and complement proteins \[[@B6],[@B7]\]. These substances play a central role in whole body homeostasis by influencing a variety of biological and physiological processes ([Table 1](#T1){ref-type="table"}). They are control of food intake, energy balance, insulin action, lipid and glucose metabolism, angiogenesis and vascular remodeling, blood pressure, and coagulation.

Adipose tissue has also been recognized as a heterogeneous tissue composed of several cell types: mature adipocytes, pre-adipocyte, fibroblasts, endothelial cells, mast cells, granulocytes, lymphocytes, and macrophages \[[@B11]\]. When adipocytes increase in number (hyperplasia) and size (hypertrophy), a various cytokines are secreted and contribute to the inflammatory process \[[@B12]\]. The representative adipokines and cytokines are as follows ([Fig. 1](#F1){ref-type="fig"}):

Leptin regulates food intake and energy expenditure \[[@B13]\]. It also regulates inflammatory responses, including the T-cell immune response, proliferation of T-helper cells, and the production of pro-inflammatory cytokines.

Adiponectin regulates glucose and lipid metabolism, insulin sensitivity, and food intake. It also protects against chronic inflammation \[[@B14]\].

Visfatin is a recently discovered adipokine produced and secreted primarily by visceral adipose tissue (VAT). Visfatin exerts insulin-mimetic effects via binding and activating the insulin receptor \[[@B15]\].

Resistin received its name for its role in inducing insulin resistance \[[@B16]\]. It is also known as a member of a family of molecules found in inflammatory zone (FIZZ) implicated in the regulation of inflammation.

Adipocyte trypsin (adipsin) is known to enhance fat storage in adipose tissues through the stimulation of glucose transport and fatty-acid re-esterification as well as the inhibition of lipolysis \[[@B17]\].

TNF-α is a pro-inflammatory cytokine predominantly synthesized by macrophages in adipose tissue \[[@B18]\].

IL-1 is a prototypical inflammatory cytokine and an early mediator of inflammation \[[@B19]\].

IL-6 is a pro-inflammatory cytokine that regulates energy homeostasis and inflammation \[[@B20]\].

IL-4 is an anti-inflammatory cytokine, and has marked inhibitory effects on the expression and release of pro-inflammatory cytokines \[[@B21]\].

IL-10 is the most important anti-inflammatory cytokine in the immune response. It has a physiological effect on host responses to systemic inflammation \[[@B22]\].

IFN-γ mediates both pro- and anti-inflammation. It regulates systemic inflammation and insulin resistance \[[@B23]\].

OBESITY AS A CONDITION WITH CHRONIC LOW-GRADE INFLAMMATION
==========================================================

Obesity is associated with alterations in immunity, a chronic low-grade inflammation in which there are elevated circulating pro-inflammatory cytokines. However, it is unclear how obesity precisely triggers inflammation. Several hypotheses have been proposed. One hypothesis is that the overload of nutrients in adipocytes induces intracellular stress, resulting in the activation of inflammatory cascades \[[@B24],[@B25]\]. The excessive nutrients may cause the accumulation of misfolded and/or unfolded proteins in the endoplasmic reticulum (ER), which activates the unfolded protein response (UPR) pathway \[[@B25]\]. The UPR pathway essentially depends on three main ER sensors; a PKR-like eukaryotic initiation factor 2α kinase (PERK), inositol-requiring enzyme 1 (IRE-1), and activating transcription factor 6 (ATF-6) \[[@B26]\]. These activated sensors could increase the activity of the C-Jun amino-terminal kinase (JNK) and inhibitor of IκB (IKK-β), serine-phosphorylation of insulin-receptor substrate protein 1 (IRS-1), and the nuclear factor κB (NFκB) pathway, leading to the enhanced expression of pro-inflammatory cytokines \[[@B24],[@B27]-[@B29]\].

Second hypothesis suggests that the overloading of adipocytes with fat overwhelmingly increases the infiltration of macrophages. These processes may cause the subsequent differentiation and activation of cytotoxic T cells, which initiate and propagate inflammatory cascades \[[@B30]\].

Third hypothesis suggests that as adipose tissues enlarge, tissues become relatively hypoxic. Hypoxia within adipose tissue may activate inflammatory pathways \[[@B31],[@B32]\].

The last hypothesis is that overloaded adipocytes can themselves directly activate immune pathogen-sensors that cause chronic inflammation \[[@B33]\].

DIETARY FACTORS THAT AFFECT INFLAMMATION RELATED TO OBESITY
===========================================================

Diet is an important regulatory factor on immune response. There is considerable evidence to suggest that malnutrition leads to immunosuppression due to a susceptibility to infection. On the other hand, over-nutrition leads to immunoactivation due to a susceptibility to an inflammatory condition. Therefore, an optimal nutrition is required for a healthy immune balance ([Fig. 2](#F2){ref-type="fig"}).

Carbohydrates
-------------

Carbohydrates are a main dietary energy source and can be evaluated according to glycemic index (GI) and glycemic load (GL) values. GI is a ranking of foods based on their postprandial blood glucose responses and a measure of carbohydrate quality \[[@B34]\]. GL is a measure that incorporates both the quantity and quality of dietary carbohydrates \[[@B35]\]. Large cross-sectional studies have shown an association between dietary GI/GL and inflammatory cytokines \[[@B36]-[@B39]\]. In the Women\'s Health Study (n=13,187, \>45 years of age), the high quintiles of dietary GI and GL were significantly related to high blood levels of C-reactive protein (CRP) \[[@B36]\]. Similarly, in a Dutch study (n=974, 42-87 years of age), the highest quintile of dietary GI and GL was positively associated with blood levels of CRP (*p*\<0.05) \[[@B37]\]. In addition, the Nurse Health Study (n=902 , 30-55 years of age) \[[@B38]\] and Health Professionals\' Follow-Up Study (n=532, 40-75 years of age) \[[@B39]\] showed that a high dietary GI or GL was significantly associated with low plasma levels of adiponectin (*p*\<0.05). The blood levels of high CRP and low adiponectin are characterized as low grade inflammatory status related with obesity. Interestingly, randomized clinical trials have not shown a relationship between a high GI or GL diet with inflammatory cytokines (CRP, TNF-α, and IL-6) \[[@B40],[@B41]\]. However, 30% of energy restriction in the high GL showed a decline in serum CRP concentration in the healthy overweight adults (n=34, 24-42 years of age) \[[@B42]\]. Other large observational studies have shown a positive association between a high GI/GL diet and inflammatory markers; however, intervention studies could not convincingly support this association.

Dietary fat
-----------

High fat diet causes excessive body fat accumulation and impairs the immune system. A number of different fatty acids, including polyunsaturated (PUFA), saturated, and trans-fatty acids have been studied for their effects on inflammatory status. Recently, Joffe et al. \[[@B43]\] reviewed that impact of dietary fatty acids on the gene expression of and production of TNFα and IL-6.

### PUFA

The omega-6 (n-6) PUFA and omega-3 (n-3) PUFA families are precursors of eicosanoids, which play an important role in the immune response. The anti-inflammatory effects of n-3 PUFA (eicosapentaenoic acid \[EPA\] and docosahexaenoic acid \[DHA\]) have been observed in cross-sectional studies \[[@B44],[@B45]\]. The Nurses\' Health Study I (n=727, 43-69 years of age) \[[@B44]\] and the Attica Study (n=3,042, 18-89 years of age) \[[@B45]\] showed that the intake of n-3 fatty acids or fish is inversely associated with biomarkers of inflammation (CRP, IL-6, and TNF-α) (*p*\<0.05). An interventional study (n=30, mean age of 60 years) also report that fish oil supplementation (14 g/d of fish oil for 5 weeks) decreased the blood levels of CRP and IL-6 in healthy postmenopausal women \[[@B46]\].

### Trans and saturated FA

Observational and interventional studies suggest that trans- or saturated FAs are significantly related to the immune response. According to the Nurses\' Health Study I Cohort (n=730, 43-69 years of age) \[[@B47]\] the highest quintile of trans-FAs consumption was associated with high levels of CRP and IL-6 compared with the lowest quintile. In a randomized cross-over study (n=50), the replacement of trans-FAs (8%) into a high-fat diet (39% of fat) significantly increased blood levels of CRP and IL-6 (*p*\<0.05) \[[@B48]\]. Similarly, the substitution of trans-FAs (\<7%) into a standard diet (30% of fat) increased IL-6 levels (as well as TNF-α levels but not CRP levels) in subjects with moderate hypercholesterolemia (18 men and 18 women; age range: females, 57-73 years of age; males, 52-73 years of age) \[[@B49]\].

Vegetables and fruits
---------------------

Many cross-sectional studies and some observational studies \[[@B50]-[@B53]\] have reported an inverse association between a high amount of vegetables and fruits consumption, either in combination or alone, and CRP levels. The Boston Puerto Rican Health Study (n=1,159, 45-75 years of age) \[[@B50]\] also showed that variable fruit consumption was inversely correlated with blood levels of CRP. In contrast, studies by Salas-Salvadó et al. \[[@B51]\] (n=772, 55-80 years of age) and Freese et al. \[[@B52]\] (n=77, 19-52 years of age) did not show any association between a diet rich in vegetables and fruits with inflammatory markers (adiponectin, CRP, IL-6, intercellular adhesion molecule-1 \[ICAM-1\], vascular cell adhesion molecule-1 \[VCAM-1\]). Morand et al. \[[@B53]\] (n=24, mean age of 56 years) showed that a single fruit supplementation (500 mL of orange juice/d for 4 weeks) did not change the levels of CRP, IL-6, ICAM-1, and VCAM-1.

OTHER NUTRIENTS
===============

Some vitamins and minerals have been shown to have a beneficial effect on oxidative stress and immune responses. Cross-sectional and interventional studies \[[@B54]-[@B61]\] have consistently demonstrated that vitamins and minerals are associated with levels of inflammatory markers (CRP, TNF-α, and IL-6).

Vitamin A
---------

Overweight or obese subjects frequently reported that they have lower circulating carotenoids in plasma because of a high proportion of carotenoids, as lipid-soluble compounds, being stored in adipose tissue \[[@B54]\]. The Women\'s Health Study (n=2,895, aged ≥45 years of age) reported that higher plasma concentrations of α- and β-carotene were associated with low levels of plasma CRP \[[@B55]\].

Vitamin C
---------

Generally vitamin C has beneficial effects on immunity. Aasheim et al. \[[@B56]\] showed the low levels of plasma vitamin C were significantly associated with elevated levels of CRP in the subjects with morbid obesity (62 men and 106 women, 19-59 years of age). Block et al. \[[@B57]\] (n=216) supplemented vitamin C (515 mg/d for 8 weeks) to the healthy smokers. They found that supplementation of vitamin C significantly reduced blood levels of CRP (24%, *p*\<0.05). On the other hand, Fumeron et al. \[[@B58]\] (n=42, 18-80 years of age) reported that vitamin C supplementation (750 mg/d for 8 weeks) did not changed blood levels of CRP.

Magnesium (Mg)
--------------

In the Women\'s Health Study (n=3,713, 50-79 years of age), Mg intake was inversely associated with CRP, IL-6, and TNF-α-R2 levels in a dose-dependent manner after an adjustment for multiple variables, including dietary fiber, fat, fruits, and vegetables \[[@B59]\]. Guerrero-Romero and Rodríguez-Morán \[[@B60]\] showed that low serum Mg levels were independently related to elevated CRP concentration, in non-diabetic, non-hypertensive obese subjects (n=371).

Flavonoids
----------

Flavonoids, a subclass of biological polyphenolic compounds, are present in plant-derived vegetables and fruits, herbs, chocolate, tea, and red wine. Many epidemiology and intervention studies \[[@B61]-[@B65]\] have shown the clear antioxidant properties of flavonoids; however their inflammatory and immunoregulatory effects are less clear. The Nurses\' Health Study (n=2,115, 43-70 years of age) showed that a diet rich in flavonoids (flavones, flavanones, and total flavonoids) was associated with low concentrations of the pro-inflammatory biomarkers (IL-18 and sVCAM-1) \[[@B61]\]. Recently, the United States Department of Agriculture (USDA, 2006) (n=8,335, ≥19 years of age) reported that a high consumption of dietary flavonoids was inversely associated with plasma CRP concentration (*p*\<0.05) \[[@B62]\]. A randomized, controlled parallel study (n=120, 40-74 years of age) showed that supplementation of bilberry juice (300 mL/d for 3 weeks) reduced plasma levels of pro-inflammatory cytokines (TNF-α, IL-6, and IL-8, no changes in CRP) \[[@B63]\]. Recently, Karlsen et al. \[[@B64]\] reported that supplementation of bilberry juice (330 mL/d for 4 weeks) significantly reduced plasma levels of pro-inflammatory cytokines (TNF-α, IL-6, and IL-15) as well as CRP in the subjects who have CVD risks (n=62, 34-68 years of age). In contrast, a double-blind, placebo-controlled crossover study (n=14, 35-53 years of age) showed that the supplementation of sea buckthorn flavonol extract for 4 weeks did not reduced CRP levels (*p*\<0.05) \[[@B65]\].

Phytoestrogens
--------------

Phytoestrogens are plant-derived compounds found in a wide variety of foods, beans, seeds, and grains. Phytoestrogens are recognized to have anti-inflammatory properties. In a randomized, controlled study \[[@B66]-[@B69]\], a diet of pasta naturally enriched with isoflavone, aglycones (33 mg/d) significantly reduced plasma CRP concentrations. Plasma CRP levels returned to baseline when the subjects were switched back to a conventional diet (n=62, mean age of 58.2 years) \[[@B66]\]. Meanwhile, in a study of healthy postmenopausal women, the supplementation of soy isoflavone (genistein at 54 or 40 mg/d) for 6 months did not affect CRP concentrations (n=30, 50-60 years of age and n=80, mean age of 49.5 years) \[[@B67],[@B68]\]. Similarly, in a study of obese postmenopausal women, soy isoflavone supplementation for 6 months had not effects on plasma CRP concentration (n=50, mean age of 58 years) \[[@B69]\]. There are some evidences of beneficial effects of phytoestrogen supplementation on inflammatory markers; however, the results are inconsistent.

Probiotics
----------

Probiotics are living micro-organisms that have a health benefit for their host \[[@B70],[@B71]\]. Orally ingested probiotic bacteria are able to modulate the immune system; however, differences exist in the immunomodulatory effects of different probiotic strains. In a randomized, double-blind, placebo-controlled trial, the combination of *Lactobacillus gasseri* and *Lactobacillus coryniformis* with *Staphylococcus thermophilus* for 2 or 4 weeks had no effect on serum TNF-α or IL-12 concentrations in healthy subjects (n=30, 23-43 years of age) \[[@B72],[@B73]\]. Kekkonen et al. \[[@B74]\] compared *L. rhamnosus* with *Bifidobacterium animalis* ssp*. lactis Bb12* and *Propionibacterium freudenreichii* ssp. *Shermanii JS* for 3 weeks in healthy subjects (n=81, 23-58 years of age). There was no effect on serum levels of TNF-α, IL-6, IL-10 or IFN-γ, but a decreased level of CRP in the *L. rhamnosus* supplementation group. Although the probiotics shown to have beneficial effects on inflammatory markers, further studies are required to reach the conclusive results.

Prebiotics
----------

Prebiotics are non-digestible food components that have a health benefit on the host that is associated with the modulation of microbiota in the gut \[[@B75]\]. Oligofructose, a typical type of prebiotics, supplementation (8 g/d for 3 weeks) in the elderly (n=19, mean age of 85 years) decreased the expression of IL-6 mRNA \[[@B76]\]. In contrast, oligofructose supplementation (1.95-3.9 g/d for 12 weeks) had no effect on plasma levels of IL-6 or TNF-α in poorly nourished elderly subjects (mean age of 70 years) \[[@B77]\]. Few observational studies \[[@B76],[@B77]\] have shown a convincing association between a prebiotic supplementation and inflammatory markers however it is premature to draw this beneficial association at present.

CONCLUSION
==========

Studies have conclusively shown that adipose tissue is an endocrine organ that plays a critical role on the homeostasis of immunity. An overload of nutrients induces obesity which is a state of a chronic low-grade inflammation. An optimal nutrition is thus plays an essential role in immunity. A healthy or prudential diet with appropriate GI/GL, n-3 PUFAs, vitamins, minerals, flavonoids, and with low amounts of trans- and saturated FAs is beneficial. The interaction of diet/nutrients with inflammation as well as the role of gene polymorphisms on inflammatory markers requires much greater exploration.
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